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Abstract

In a previous paper we discuszsed the rate of ion-transport in Nafion
Impregnated Gore-Tex (NIGT) membranes. The membranes described in this previous
paper were prepared by immersing the Gore-Tex in a solution of Nafion and then
allowing the solvent to svaporate at room temperature. Nafion films which are
cast at room temperature show poor mechanical and transport properties.

This paper describes the transport properties of NIGT membranes prepared
via a high temperature solution-casting method. We have found that these high
temperature-cast NIGT membranee show better physical and mechanical properties
than the low temperature-cast NIGT investigated previously. The two diffusion-
pathway model, described in the previous paper, quantitatively accounts for the
transport data for the high temperature-cast membranes. At the ca. 10 percent
(cr higher) Nafion loading-level, both the high and low temperature-cast
membranes show excellent cation permselectivity. Furthermore these membranes
show cation-transport rates for Ru(NH,)¢** which are an order of magnitude higher
than transport rates in homogeneous Nafion.
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INTRODUCTION

We have been investigating the trannporf ptdpottio: of ionically
conductive composite polymer membranea (1,2). These composites are prepared
by doping an inert, microporous host membrane with an ion exchange polymer
(1,2). Our investigations have focused on composites prepared by
incorporating Nafion®, a perfluorosulfonate ion exchange polymer (3), into
Gore-tex, a microporous polytetrafluoroethylene filtration membrane.

In our previous studies, the Nafion-impregnated Gore-tex (NIGT) membranes
were prepared by immersing Gore-tex into a Nafion solution and then allowing
the solvent to evaporate at room temperature (1,2). Our fundamental
investigations of the properties of solution-cast Nafion have shown, however,
that Nafion filme which are cast at room temperature have poor mechanical
properties and low cation permselectivities (4-5); Redepenning and Anson have
shown that these low temperature-cast films have low cation permselectivities
(6). In contrast, Nafion films which are cast at elevated temperatures
(greater than ca. 150° C) have good mechanical properties and high cation
permselectivities (4-6). These high temperature solution-cast films are
assentialiy identical to as-received Nafion.

These fundamental investigations of solution-cast Nafion suggested to us
that NIGf membranes prepared at elevated temperatures might have superior
mechanical and transport properties. We have prepared a series of NIGT
membranes using a high temperature solvent evaporstion procedure.
Electrochemical methods (7-9) were used to evaluate cation-transport rates in
these new NIGT membranes. We have also used a potentiometric method (10) to

conduct the first studies of cation permselectivity of NIGT.



We have found that these new NIGT membranes can be nearly andktion

permselactive as Nafion; these membranes can also support much higher rates of
cation-transport than Nafion. We report the reaults of these invastigations
in this paper.
EXPERIMENTAL _
Materials. Nafion 117 (1100 cquivalent'woight, proton form) was obtained from
du Pont. Dimethylsulfoxide (DMSO) and ethanol/water solutions of Nafion were
_ prepagod using the procedures of Martin et al. (4,11). Gore-tex filtration
membranes (20 nm and 200 nm mean pore dfameter) were donated by W.L. Gore and
Associates. Ru(NH,)4Cl, was purchased from Johnson Mathey. Purified water
was obtained by passing house distilled water through a Mil1i-Q (Millipore)
water purification system. All other reagents were of the highest purity
available and wera used without further purification.
Instrumentation. Rotating disk voltammetry was conducted using a Pine
Instruments AFSA-2 electrode rotator in conjunction with an EG&G PARC 273
potentiostat/galvanostat. The PARC 273 was controlled by an IBM XT personal
computer, The experimental data were gsaved in ASCII files and transferred to
the spreadsheet Lotus 123,
Electrodes and electrochemical cells. Cation-transport rates in the NIGT
membranes were evaluated using rotating NIGT-covered Pt disk electrodes.
These electrodes were prepared by stretching NIGT membranes over the face of a
0.7 cm-dia. Fine Instruments rotating Pt disk electrode. The NIGT membranes
were held in place with a collar of heat-shrinkable Teflon tubing (1,2,12).
The Pt surface was polished as described previously (12).

A threec-compartment electrochemical cell was used for the rotating NIGT-

covered electrode studies. The reference compartment housed a saturated
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calomel reference electrode (SCE) and was connected to the main (working

slectrode) compartment via a Luggin capillary. The counter electrode
compartment housed a Pt flag counter electrode and was connected to the main
compartment via a glass frit, The entire assembly was immersed in a constant
temperature water bath maintained at 25.0£0.1° C. All potentials are reported
vs. SCE.

Selectivity of cation transport in the NIGT membranes was evaluated
potentiometrically (10); a schematic diagram of the cell used is shown in
Figure 1. The NIGT membrane aeparates two Teflon half cells. The half cells
are held togsther using the vise-type cell holder shown in Figure 1. An
Ag/AgCl electrods was inserted in each half cell; these electrodes were
prepared using the method of Sawyer and Roberts (13). Aqueous NaCl solutions
ware pumped (160 mL min"!) through each half cell using a Cole-Palmer two-
channel Masterflex peristaltic pump; flowing solutions eliminate problems due
to concentration polarization at the membrane surfaces (14). Cell potentials
were measured using the PARC 273, Raw EMF data were obtained continuously at
a rate of 250 points per sec. 97,000 of such raw EMF data points were then
averaged to obtain a measured cell potential.

Preparation of NICT membranes. As-received Gore-tex membrane was cut into 2.5
X 2.5 cm squares, cleaned ultrasonically in ethanol, dried in a vacuum oven
(110 °C), and weighed. A tarred Gore-tex square was then placed in a Petri
dish containing 20 alL of a solution of Na*-form Nafion in DMSO; the Nafion
concentration ranged between 0.001 and 1.34 (w/v) 8. The Gore-tex membrane
was allowed to equilibrate with the Nafion sclution for two hours at room
temperature. The Petri dish was then placed in the apparatus shown in Figure

2 for solvent evaporation.
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The inner beakex in iigure 2 contains DMSO. This inner beaker is placed

in an outar beaker which serves as an oil bath. The oil bath was heated to
185° C and the Nafion solution in the Petri dish was evaporated to dryness.
The DMSO in the inner beaker insured that the membrane was always in contact
with DMSO vapor during the ovaporacion process (5,8).

After solvent evaporation, the Nafion present on the surfaces of the NIGT
membrane was swollen, by immersion in 5 mL of hot (80° C) DMSO, and then wiped
away, by scrubbing with a Kimwipe. This procedure insured that the transport
properties of the NIGT membrans were not altered by surface layers of
conventional Nafion film, The NIGT membrane was then dried in vacuo at 110° C
and reweighed. The weight fraction of Nafion in the membrane (defined here as
W) was determined by difference; W is given by

W= W/ (W, + W) (1)
where w, and w, are the weights of Nafion and Gore-tex, respectively.

Saveral low temperature-cast NIGT membranes were also prepared and
evaluated. Narxion solutions in 50:50 ethanol/water were used to prepare these
membranes. The ethanol/water was removed at 70° C.

Assesaing the rate of cation-transport in NIGT. Cation transport rates were
evaluated by measuring apparent diffusion coefficients (D,,,'s) for the
electroactive cation Ru(NHy)s** in the NIGT membranes. The Dypp values were
obtained using a combination of two electrochemical methods - chronocoulometry
at a stationary NIGT-coated Pt electrode and hydrodynamic voltammetry at a
rotating NIGT-coated electrode (7-9). In both csases, the NIGT-covered working
slectrode was immersed in a solution 1 mM in Ru(NH,)'a" and 9.2 M in NaCl
throughout the duration of the experiment. The volume of this solution was

sufficiently large such that the Ru(NHy)4* lost, via partitioning into the



membrane, did not significantly alter the solution Ru(NH,;)¢'* concentration.

Chronocoulometric data were obtained by stepping the potential of the
electrode from 0.0 V (where no Ru(NHy)4** reduction occurs) to -0.425 V, whers
the rate of the reduction reaction in the membrane is diffusion-controlled.
The resulting current was integrated (1) to obtain the corresponding charge-
t:i.me transient. The charge-time data were analyzed via the Anson equation,
which can be written (15)

znpw.”llzacn“"tllz
Q(t) = (2)

xl/2

vhere t is the time after the potential step, Q(t) is the charge, a is the
partition coefficient for Ru(NHa),” between the NIGT membrane and the
contacting solution phase, A is the area of the Pt electrode, Cp,, is the
concentration of Ru(NH,).” in the solution phase, and the other terms have
thelr usual meanings (15).

According to Equation 2, a plot of Q(t) vs. t%3 will be linear; the
product D,.%%x can be determined from the slope. Equation 2 is only valid
when the diffusion layer created at the Pt/membrane interface i{s much thinnecr
than the NIGT membrane. This was easily achieved for the rather thick (84 um)
membranes investigated here. Analogous potential step data were obtained with
the NIGT-covered electrode in contact with supporting electrolyte (0.2 M
NaCl). These background transients were subtracted from the transients
obtained in the Ru(NH,)4** solution.

The voltammetric data were also obtained by stepping the potential to -
0.425 V; however, the electrode was rotated and the steady state current (7-
9), obtained at long times (70 min), was recorded. The steady state current
(1,,) in this experiment is described by (7-9)

5
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where w is the rotation rate, §, is the thickneas of the NIGT membrane, D, is
the diffusion coefficient for Ru(NH;)4>* in the contacting solution phase, and
the other terms have their usual meanings (7-9).

According to Equation 3, a plot of 1,,”! vs »w™®3 will be linear; the
product D, can be obtained from the intercept (7-9). Because the Anson
plot provides D,,.0-%a and the i,,°! vs w™®® plot provides D,,a, both Dy and a
can be evaluated. Rotation rates of 80, 125, 160, 220, 250, 500, 1000, and
1500 RPM were used in these studies.

Evaluating the cation permselectivity of NIGT. A potentiometric experiment
was used to obtain cation transference numbers for the NIGT membranes; the

following potentiometric cell was used

Ag/AgCl | NaCl solution (a;) | Membrane | NaCl solution (a,) |AgCl/Ag (4)

The potential of this cell (E.;;) is given by (16-19)
Ece11 = 2 t4 RT/F 1ln (a)/a,) (5)

where a, and a, are the activities of Na* in the aqueous solutions on the left
and right hand sides of the NIGT membrane, respe:tively, and t, is the
transference number for Na* in the membrane.

The concentration of Na' on the right hand side of the membrane was held
constant at 2 mM; the concentration on the left hand side was varied from 2 mM
to SM. Activities were calculated using activity coefficients taken from

Latimer (20).



RESULTS AND DISCUSSION

Phiyaical propexties of the NIGT membrancs. As indicated in the introduction,
Nafion films cast at low-temperatures (less than ca. 130° C) are hard and
brittle (4-5). Such films are not useful materials becaus; they shatter
during attempts to remove them from the casting surface (4,5). 1In conﬁfast,
high temperature-cast Nafion is pliant and mechanically strong; the high
temperature-cast material forms tough, coherent membranes. The reasons for
these differences between low temperature and high temperature-cast Nafion
have been discussed in detail (3).

Casting temperature has an analogous effect on the properties of NIGT
membranes, NIGT membranes formed at 70° C are brittle and crack when flexed.
In contrast, NIGT membranes formed at 185° C are pliant and mechanically
strong. High-temperature-cast NIGT is clearly a much better membrane material
than low temperature cast NIGT.

Uptake of Nafion by Gore-tex. Table I shows the effect of concentration of
Nafion, in the solution phase, on the quantity of Nafion incorporated into the
high temperature-cast NIGT membranes. The data in Table I seem to indicate
that the Gore-tex becomes saturated with Nafion. The one order of magnitude
increase in solution concentration, from 0.11 to 1.34 &, causes only an
incremental increase in the quantity of Nafion incorporated into the membrane.
Furthermore, using a higher Nafion concentration in the loading solution (e.g.
58) does not yield higher loading levels. Table I also shows that the
quantity of Nafion in the Gore-tex membrane can be varied over a substantial
range; this is the interesting faature of the composite membrane concept - a
variety of (effectively) different membranes can be prepared from the same two

component materials.
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Migration of the electroactive cation. The Anson equation (Equation 2)

assumes that the electroactive cation arrives .t the electrode surface by

diffusion and not by migration (15). The contribution an ion, j, makes to the

migration current is given by (21)

Faa d¢(x)
1n,y = 242D,C, ( ) (6)
RT éx

where z, is the cﬁ;rgc, D, is the diffusion coefficient, and C4 is the
concentration of the ion j, and 34/8x is the potential gradient. The
contribution of ion j to the migration current can be made negligibly small by
making tha product z,zDJCJ smaller than the sum of the z2DC terms for all of
the other ions in the solution. This is accomplished, for experiments at
uncoated electrodes, by adding a high concentration of an inert "supporting"
electrolyte (21),

In analogy to the uncoated-electrode case, the Anson equation will only
be applicable at the NIGT-coated electrode if the product 9D, ,Cpy,n (Where Cp, ,
is the concentration of Ru(NH,)J” in the membrane) is much smaller than the
sun of the products z2DC for all of the other mobile ions in the membrane. We
will show, below, that this is true for the membranes investigated here.

Let us assume the worst case scenario - the NIGT membrane is completely
cation permselective; thus, Na* is the only other mobile ion in the membrane
phase. The experiments described below providm Cy, , and D,,,. Furthermore,
because W (Equation 1) is known, the concentration of Na* in the membrane can
be calculated, If we assume that the diffusion coefficient for Na' in NIGT is
the same as its diffusion coefficient in Nafion (22), we find that the product
DC for Na* in the most permselective NIGT membranes is at least a factor of 30



times higher than the product 9D,p,Cpy,a.

The calculations discussed above show that, even in the limit
of complete cation permselsctivity, Ru(NH,)g”"s contribution to the
migracion current in the membrane is negligibly small. Furthermore, as will
be shown below, none of the NIGT membranes prepared here are completely cation
permselective in the presence of 0.2 M NaCl (see Figure 9). These
calculations and data clearly show that the Anson equation is applicahle tc
all of the NIGT membranes described heres.

Diffusion and partition coefficien. data. Figure 3 shows a typical Anson plot
associated with the reduction of Ru(NHy)e** in a NIGT membrane. As is
predicted by Equation 2, this plot is linear (correlation coefficient =
0.999). The product Dy’ %a can be obtained from the slopes of such plots.

Figure 4 shows a plot of 1,,”! vs. w™ %3 for Ru(NHy)e** reduction at a
typical rotating NIGT-covered electrode. The expected linearity (7-9) is
observed at low rotation rates; however, steady-state currents at high
rotation rates appear to be too large. We will show, below, that these
membranes contain tuo ion-transporting pathways - an aqueous solution-like
pathway, and a Nafion phase pathway (1). The continuous solution-like pathway
accounts for the spuriously large steady-state currents, observed at high
rotation rates, in Figure 4,

Rotating a planar disk electrode causes a flow of solution normal to (and
in the direction of) the electrode surface (23). If a nonporous polymer f£ilm
covers the slectroda, the steady state limiting current at the electrode/film
interface will be described by Equation 3. Howavor,'if a continuous aqueous
pathway is present in the film, then the solution flow directed normal to the

menbrane surface can be propagated through the membrane and to the substrate




slectrode surface. This convective flow of electroactive species through the
membrane will cause the steady-state current to be spuriously large.

This convectivs flow interpretation of the steady-state current data
(Figure 4) is corroborated by the voltammograms shown in Figure 5. These
voltammograms were obtained at a scan rate of 0.5 V s°! where the diffusion
layer created at the slectrode/NIGT interface is much thinner than the NIGT
membrsne. The inner voltammogram was obtained at a stationary electrode,

where there is no convective flow; the outer voltammograms wers obtained at

rotating electrodes. The higher currents obtained at the rotating electrodes

show that Ru(NH,)e** is being convected through the NIGT membrane.

Fortunately, the contribution of convection to mass transport in the

membrane is insignificant at low rotation rates (note linear region in Figure
4). The product D, ,a can be determined by extrapolating this linear portion
of the curve (vide supra). These data, in conjunction with the
chronocoulmetric data, provide D,y and a (Table 1I).

As was observed for the low tempersture-cast NIGT (1), the magnitude of
the apparent diffusion coefficient is inversely proportional to the quantity
of Nafion 1ncofporatod into the membrane. However, D,y in the membrane with
the highest Nafion loading level (10 8) is still ca. one order of magnitude
larger than the D, for Ru(NHy)¢** in homogeneous Nafion (24). Thus, NIGT
membranes can support higher rates of ion-transport than conventional,
homogeneous Nafion membranes (1,2,25). The relative merits of NIGT vs.
conventional Nafion are considered in our discussion of the permselectivity
data.

Table II also shows that the aqueous/NIGT partition coefficient for

Ru(NHy)¢** increases with the quantity of Naffon in the membrane phase. A

10




quantitative model for this observation (and for the inverse relationship

between D,,, and Nafion content) will be presented in the following two

sections of this paper.

Quantitative apalysis of the diffusion coefficient data. The D, data for

the low temperatura-cast NIGT membranes (1) were interpreted in terms of a two
pathway diffusion model (1,27). As indicated above, these pathways are a
Nafion path and an aqueous-like solution path. We have shown that if these
pathways are coupled, the following equation applies (1)

Dru,a,m Dnu.u.nvvd'p Dl.u.a.nvvdp 1
Dapp - [ Dru,n,m * - J I A ¢ )
k kwy, kwy, w

(7

vhere Dy, , . &nd Dp, .o are the diffusion coefficients for Ru(NH;)¢** in the
Nafion and aqueous phases within NIGT membrane, k is the partition coefficient
for Ru(NH,)¢’* between these two phases within NIGT (1), d, is the density of
Nafion, w, is the weight of the NIGT membrane and V, is the total void volume
present within the Gore-tex membrane. In contrast, if the diffusion pathways
are uncoupled, the following equation applies (1)

Dﬂu,a ul,z DRy, e luzvvdp Dry,a nuzvvdp 1
' — ] 4 (— )

D.”uz - [ Dltu,n.lllz o -
: k Towy, kv, W

(8)

Both Equations 7 and 8 predict that D,,, will be inversely proportional
to W. However, Equation 7 predicts that D, ,, will be linearly related to 1/W
whereas Equation 8 predicts that Dm,°" will be linearly related to 1/W. The
corresponding plots are shown in Figures 6 and 7. The experimental data fit
the coupled diffusion model (Figure 6) and not the uncoupled model (Figure 7).

Analogous results were obtained from the low temperature-cast NIGT membranes.

Quantitative analvsis of the partition coefficient data. A similar analysis

11




can be applied to the partition coefficient data shown in Table II. The
partition coefficlent, a {3 given by
@ = Cpyn/Cru,s (9
Cpu,a Can be broken up into the concentration of Ru(NH,y)g®* in the Nafion phase
within the NIGT membrane, Cp, ,,n, and the concentration of Ru(NH;)¢** in the
solution phase within the membrane, Cpy . u.
Chu,am Vau + Crune Vnm

Crup = (10)
Vy

where V, , and V, , are the volumes of the aqueous and Nafion phases,
respectively, within the NIGT membrane.

The total available void volume in the Gore-tex membrane is given by V, =
Vea + Vo,a- Furthermors the concentration of Ru(NHs;)¢* in the aqueous »ud
Nafion phases within the membrane are related by Cg, nn = KCpy,,q Wwhere k is
the partition coefficient of Ru(NH,)e’* between the aqueous and Nafion phases
within NIGT (1). Combining these two equations with Equation 10 and
rearranging (28) gives

Cru,na (Vy + KV o)

Cn“'. - (11)
VV

Dividing both sides of Equation 11 by Cy, , gives

Cru,a,0(Vy +kVp n)
a = (12)

VvCru,s

Equation 1 can be rearranged to w, = w,[W/(1-W)]. Furthetmore, the
volume of Nafion present is given by V, , = w,/d,, wvhere d, is the density of

Nafion. Combining these two equations gives

12




W, w

Vom = (13)
d, (1-w)
Substituting Equation 13 into Equation 12 and rearranging gives
c‘“l.l. VV C‘\l.l,l k w. w
a = + . (14)
clu.- V. clu.l V. dn (1-W)

According to Equation 14, a should be linearly related to the parameter (W/(l-
W)]. Figure 8 shows the partition coefficient data plotted as per Equation
14; this plot is, indeed, linear (correlation coefficient = 0.997). These
data provide support for the validity of Equation 14 and further support for
the two pathway model.

Transference nugber deta. The D,y data indicate that NIGT can support
higher rates of ion-transport than homogsneous Nafion membrane. In many
applications, however, selectivity is just as 1mpo£canc as rate of ion-
transport. We did not address the issue of cation-transport selectivity (i.e.
cation permselectivity) in our previous paper (1). Cation permselectivity was
evaluated, for both low and high-temperature cast NIGT membranes, as part of
the investigation discussed in this paper.

Figure 9 provides a qualitative picture of the cation permselectivities
of high-temperature-cast NIGT. The dashed curve in Figure 9 was calculated
from Equation 5, assuming a cation transference number of unity (ideal cation
permgelectivity). The upper most solid curve is experimental data from a
homogeneous Nafion membrane. Nafion is one of the most cation-permselective
materials known (29); this is reflected in the enormous concentration range
over which the Nafion data fall on the ideally cation permselective line.

Figure 9 shows that the cation permselectivity of NIGT increases with the

quantity of Nafion incorporated into the membrane. The NIGT membrane

13




containing 10 & Wafien is almost as psrmselective as homogeneous Nafion;
furthermore, recall that D,,, for this membrane is an order of magnitude
higher than the corresponding D,p, in homogeneous Nafion. These data suggest
that the NIGT membrane containing 10 & Nafion would, for some applications, be
superior to Nafion. This would be especially true in applications where
transport selectivity could be sacrificed for transport facility.

Cation permselectivity is exp:cslad, in quantitative terms, by the cation

transference number (t,, Equation 5). Transference numbers for the various

NIGT membranes are presented in Table II. Again, these data show that cation

permselectivity increases with the quantity of Nafion incorporated into the

membrane, and that the permselectivity of the 10 %-loaded nembrane is

excellent.

A_simple, physical picture of the two pathway diffusion model. The following

statement may not be universally true, but it seems to be the general case -
Highly selective membranes usually show low rates of mass transport and pobrly
selective membranes usually show higher rates of mass transport (30). The
data obtained here adhere to this statement (compare Depp and £, columns in
Table II). The following simple, physical picture of the two-pathway
diffusion model can be used to account for these data.

Gore-tex is a random, tortuous pore material; electron micrographs (12)
show that the dimensions of the internal void spaces vary over a large range.
Gas-transport measurements can, however, provide a "mean" diameter for the
various tortuous pores in Gore-tex. The membranes described, thus far, had
mean pore diameters of 20 nm.

The most rudimentary model for Gore-tex is, therefore, a collection of

pores, with a broad distribution of diameters, and a mean diameter of 20 nm.
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The most rudimentary model for NIGT assumes that the walls of these pores are
coated with Nafion. This model is supported by electron micrographic evidence
(12). At the relatively low Nafion-loading levels discussed here, the
majority of the pores will not be completely filled with Nafion; i.s. the
pores will contain a hollow core (Figure 10 A). This model is also supported
by electron micrographic data (12).

Upon exposure to aqueous solution, the hoilow core at the center of the
Nafion-coated pore fills with water. These water-filled cores provide the
solution-like pathway for ion-transport. Whether excess electrolyte also
enters a pore will depend on the thickness of the Nafion layer and the
thickness of the double layer at the Nafion/solution interface. The thickness
of the Nafion layer increases with the Nafion-loading level. The double layer
thickness varias with the electrolyte concuntration (31).

Consider two simple limiting cases. First, assume that the NIGT membrane
is loaded to the highest level investigated here (108). In this case, the
Nafion film which coats the pore wall will be relatively thick. This leaves a
very narrow hollow core, Upon exposure to water, the ionic double layer
completely fills this core (symbolized by horizontal lines in (Figure 10B)).
Because the double layer completely fills the core, anions are excluded from
the pore. If enough (vide infra) of these anion-blocking pores are present in
the NIGT membrane, the entire membrane will, likewise, block anion-transport.
A cation transference number of unity will be obtained.

Now, assume that the Nafion loading level is extremely low (e.g. 1 %) so
that the Nafion film which coats the pore wall i{s very thin. This leaves a
very wide hollow core. Upon exposure to water, an ionic double layer again

forms but the double layer can not completely fill this core (Figure 10C). 1In
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this case, anions (i.e. excess electrolyte) are not excluded from the pore.

If enough of thess anion-passing pores are present in the NIGT membrane, the
entire membrane will, likewise, pass anions and the cation transference number
will be less than unity.

The above examples are the limiting cases. Suppose that the Nafion film
thickness in a pore is such that at low electrolyte concentrations (where the.
ionic double layer is thick (31)), the double layer completely £fills the
- hollow core, whereas at high electrolyte concentrations (whcrortho ionic
double layer is thin (31)), the double layer only partially fills the core,

In this case, the membrane will reject anions at loQ electrolyte
concentrations and pass anions at high electrolyte concentrations. This is
procinoly the experimental observable for NIGT membranes with intermediate
Nafion-loading levels (Figure 9).

This simple coated-pore model can, therefore, qualitatively account for
the effect of Nafion loading-level on the cation permselectivity of NIGT
nmembranes. A further (and rvather stringent) test of this model can be
devised. Depending on the electrolyte concentration, the ionic double layer
can be anqwhorc from several tenths of nm’s to perhaps as much as 1) nm's in
thickness (31). Fortuitously, this {s approximately the thickness regime
needsd to block anion-transport in ths pores of the 20 nm pore-diameter NIGT
membrane. However, even the thickest double layer would not be able to block
anlon-transport in a 200 nm pore-diameter membrane. Thus, a membrane based on
200 nm mean pore-diameter Gore-tex would never show good cation
permselectivity.

To test this hypothesis we compared cation transference numbers for

membranes based on the 20 nm mean pore-diameter material with analogous
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transfarence numbers for membranes basad on 200 nm mean pore-diameter Gore-

tex. In this case the membranes were prepared using the low temperature
casting procedure; the data obtained are shown in Table III. In agreement
with the above prediction, the membranea based on the 200 nm pore-diameter
material never show high cation transference numbers. In contrast, the
membranes based on the 20 nm pore diameter Gore-tex can, at high Nafion
loading levels, show excellent cation permselectivities.

CONCLUSIONS

High temperature-cast NIGT membranes show better mechanical properties
than the low temperatuvre-cast membranes discussed in our previous paper (l).
The two diffusifon-pathway model, described earlier, quancitatively accounts
for the transport data for the high temperature-cast membranes. At the ca. 10
percent (or higher) Nafion loading-level, both the high and low temperature-
cast membranes show excellent cation permselectivity. Furthermore these
membranes show cation-transport rates for Ru(NHy)ey. which are an order of
nagnitude higher than transport rates in homogensous Nafion,

NIGT can achieve high cation-transport rates and relatively high cation
permselactivities. It is interesting to speculate how this is achieved in
NIGT membranes. One possible answer is that, because the pores are
interconnscted, all of the large (unblocked) pores ultimately feed into very
small (anionically-blocked) capillaries. As a result, an anion attempting to
traverse the membrane will ultimately run into an anionically-blocked pore;
therefore, the membrane cannot transport anions.

Electron micrographs show that the majority of the Nafion in NIGT is
coated along the walls of the large (unblocking) pores (12). If the argument

presented above is correct, then the majority of the Nafion in the NIGT
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membrane is not actively involved in the anion rejection procsss. Since

Nafion is a very expensive material, this is an undesirable situation. The
solution to this problem is obvious - rather than dispersing a relatively
large quantity of Nafion throughout the membrane (where most of it is not
involved in the anion rejection process), disperse & much smaller quantity of
Nafion as an ultrathin £film on one face of the membrane. We are currently

pursuing this goal.
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Table L. The effect of concentration of Nafion in the solution
phase on weight fraction of Nafion incorporated intc high
temperature-cast NIGT membranes.

Cuncentration of Volume of % Nafion (w/w) in

Nafion Solution ! Nafion Solution NIGT membranes 2
% wiv mL % wiw
0.001 20.0 1.48
0.005 20.0 2.20
0.010 20.0 - 4.36
0.110 20.0 7.37
1.340 20.0 9.98

1. The solventis DMSQO.

2. Nafion was impregnated in 20 nm mean pore diameter Gore-tex via high
temperature method.




Table I. The effect of weight fraction of Nafion in the NIGT
membrane on diffusion ceefficient, partition coefficient, 2nd

transference number.
% NAfion (w/w) in Diffusion Partition Transference
NIGT membrane ! Coefficient 2 Coefficient® Number ¢
% wiw x107cm2/s \
1.48 7.7 3.2 0.40
2.20 5.5 8.1 0.61
4.36 2.2 1 1 .3 0.7
7.37 1.8 20.2 0.80
9.98 1.1 25.9 Q.37

1. Nafion was impreganted in 20 nm mean pore diameter Gore-Tex via high temperature
method.

2. The apparent diffusion coeficients of Ra(NH, );* in the NIGT membrane.

3. The partition coefficient of Ru(NH,)>* Getween the NIGT membrane and the exterral
solution, which was ImM Ru(NH,) > and 0.2M NaCL

4. The transference number of Na* in the NIGT membrane. The solutions on either side of
the membrane were 0.02M NaCl ard 0.08 M NaClL




Table ITL. The effect of pore size and the % Nafion in the
membrane on cation transference number of NIGT -

200 nm mean pore diamter

% Nafion (w/w) in

20 nm mean pore diamter

% Naficen (w/w) in

NIGT membrane 2 NIGT membrane t+
1.3 . 0.40 8.5 0.74
10.9 0.56 10.0 0.65
13.5 0.61 12.5 0.99

1. Membranes prepared by low temperature solu*ion casting methed.




Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 8.

FIGURE CAPTIONS

Schematic of electrochemical cell for measuring EMF's. a.

Ag/AgCl electrode; b. Membrane; c. Solution outlét; d Teflon

half-cell; e. Solution inlet; g. Hand wheel; h. Ceil holder.

Schematic of apparatus used for high temperature solution
casting. a. DMSO; b. DMSO solution of Nafion; ¢c. Membrane;
d. Oil bath; e. Thermometer; f. Cell holder; g. Stirring bar.

A typical Anson plot for the reaction of Ru(NH3)63+ in NIGT

(9.98% Nafion). The contacting solution contained 1mM
Ru(NHg)g3* and 0.2M NaCl.

A typicali ! vs @ (see text) plot for the reduction of
Ru(NH3)63+ in NIGT (9.98% Nafion); contacting solution as

'~ per Figure 3.

Cyclic voltammograms for Ru(NH3)63"' in NIGT (9.98%

Nafion; contacting solution as per Figure 3. Scan rate:
500mV/s. Rotating rate: --- 0 RPM; AAA 500 RPM; 000 3000
RPM.

Plot of D_ op V8- /W (see text ) for high temper?ture-cast

membranes.




Figure 7.  Plot of Dapp!? vs. /W (see text ) for high temperature-cast

membranes.

Figure 8. Plot of a vs. W/(1-W) for high temperature-cast membranes.

Figure9. Potentiometric data plotted as per Equation 5. (------ )
calculated via Equation 5 assuming t, =1; (00000}

homogeneous Nafion membrane. The other data are for high
temperature cast NIGT membranes. (s « #4) 9.98% Nafion; (** **

) 7.37% Nafion; ( » ww ® )4.36% Nafion; © ¢¢9¢)1.48%
Nafion.

Figure 10. A simplified representation of the two pathway diffusion

model.
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